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ABSTRACT 
 
 
 
 
Substation grounding is a very important aspect in a substation design which forms a safe 
grounding grid system besides functioning as a means of dissipating currents to the 
surrounding ground during normal and fault conditions, also prevents the ground potential 
rise during a fault from creating dangerous potential gradients on the substation ground 
surface that can endanger a life of a person in the vicinity of the grounded facility. This 
grounding study is based on IEEE Standard 80-2000 (Revision of IEEE Std. 80-1986) 
which serves as a guide to the safety in ac substation grounding. With the fast growing of 
the use on the Internet technology and the daily use of it in all life routines including 
education, it will be necessary and interesting to provide a learning and educational web 
application for the Internet users especially the engineers of them. 
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ABSTRAK 
 
 
 
 
Pembumian pada pencawang adalah aspek yang sangat penting dalam rekaan pencawang 
yang membentuk sistem grid asas selamat selain berfungsi sebagai satu cara untuk 
mengalirkan arus ke bumi pada keadaan normal dan ketika kerosakan berlaku, dan juga 
menghalang kenaikan potensi bumi pada ketika kerosakan dari mewujudkan kecerunan 
berpotensi berbahaya pada permukaan tanah pencawang yang boleh membahayakan 
kehidupan seseorang yang berada dalam persekitaran tempat pembumian. Kajian 
pembumian ini adalah berdasarkan IEEE Standard 80-2000 (IEEE Std. 80-1986) yang 
berfungsi sebagai panduan untuk keselamatan dalam pembumian pencawang. Dalam arus 
penggunaan teknologi Internet yang meningkat saban hari dan penggunaan harian dalam 
semua rutin kehidupan termasuk pendidikan, ia akan menjadi sesuatu keperluan serta 
ianya adalah menarik untuk menyediakan pembelajaran dan aplikasi laman sesawang 
dengan tujuan pendidikan untuk pengguna Internet terutamanya kepada golongan jurutera. 
vii 
 
  
 
 
 
 
 
CONTENTS 
 
 
 
 TITLE  i 
 DECLARATION  ii 
 DEDICATION  iii 
 ACKNOWLEDGEMENT  iv 
 ABSTRACT  v 
 ABSTRAK  vi 
 CONTENTS  vii 
 LIST OF TABLES  xi 
 LIST OF FIGURES  xii 
 LIST OF SYMBOLS AND ABBREVIATIONS  xiv 
 LIST OF APPENDICES  xviii 
CHAPTER 1 INTRODUCTION  1 
 1.1 Background  1 
 1.2 Problem statement  2 
 1.3 Objectives  3 
 1.4 Scope  3 
 1.5 Project outline  4 
CHAPTER 2 GROUNDING CONCEPT AND SAFETY ASPECTS 
REVIEW 
 5 
 2.1 Introduction  5 
 2.2 Grounding standards  5 
 2.2.1 IEEE Std. 80-1986  5 
 2.2.2 IEEE Std. 80-2000  6 
 2.2.3 BS 7430  6 
 2.2.4 IEC 60050-195  7 
 2.2.5 IS 3043  7 
 2.2.6 DL/T 621-1997  8 
 2.3 Grounding system design software  8 
viii 
 
  
 
 2.3.1 CYMGRD  8 
 2.3.2 ETAP  9 
 2.4 Safety aspects  9 
 2.5 Electric shock and tolerable current range  10 
 2.5.1 Effects of current frequency  11 
 2.5.2 Effects of current magnitude  11 
 2.5.3 Effects of current exposure duration  12 
 2.6 Current limits for the human body  14 
 2.7 Accidental connection to ground through the 
human body 
 16 
 2.7.1 Human body resistance  16 
 2.7.2 The accidental circuit  17 
 2.7.2.1 Touch voltage accidental circuit  17 
 2.7.2.2 Step voltage accidental circuit  19 
 2.7.3 Thin layer of surface material effect and the 
derating factor 
 20 
 2.8 Tolerable voltage criteria  23 
CHAPTER 3 GROUNDING SYSTEM DESIGNING 
CONSIDERATIONS AND EVALUATING TECHNIQUES 
 25 
 3.1 Introduction  25 
 3.2 Project flowchart  26 
 3.3 Methodology block diagram  27 
 3.4 Designing a grounding system  28 
 3.4.1 Principal design considerations  28 
 3.4.1.1 Ground electrode  28 
 3.4.1.2 Grounding grid  29 
 3.4.1.3 Ground mat  30 
 3.4.2 Conductors and connections  31 
 3.4.2.1 Requirements and material choice  31 
 3.4.2.2 Conductor sizing  32 
 3.4.2.3 Selection of connections  34 
 3.4.3 Soil characteristics  35 
 3.4.3.1 Outside effects on soil resistivity  36 
 3.4.3.2 The surface material layer resistivity  37 
 3.4.3.3 Soil resistivity measurement  37 
ix 
 
  
 
 3.5 Evaluating the ground system design  38 
 3.5.1 Ground resistance  39 
 3.5.2 Methods to lower soil resistivity  40 
 3.5.2.1 Soil treatment  40 
 3.5.2.2 Concrete-encased electrodes  41 
 3.5.3 Maximum grid current  41 
 3.5.3.1 Calculating zero-sequence fault current  42 
 3.5.4 Potential gradients in the grid  44 
 3.5.4.1 Ground potential rise  44 
 3.5.4.2 Mesh voltage  45 
 3.5.4.3 Step voltage  48 
 3.5.5 Evaluation of a design  48 
CHAPTER 4 GROUNDING SYSTEM WEB APPLICATION  51 
 4.1 Introduction  51 
 4.2 The development tool  51 
 4.3 Programming language  52 
 4.4 Overview of HAMA web application  52 
 4.5 The learning material  54 
 4.5.1 Tolerable current range  55 
 4.5.2 Accidental ground circuit  55 
 4.5.3 Principal design considerations  56 
 4.5.4 Selection of conductors and connections  56 
 4.5.5 Soil characteristics  56 
 4.5.6 Ground resistance  57 
 4.5.7 Designing a grounding system  57 
 4.5.8 Selected equations  57 
 4.6 The calculation module  58 
 4.6.1 Tolerable body current limit  59 
 4.6.2 Tolerable touch voltage  59 
 4.6.3 Tolerable step voltage  59 
 4.6.4 Conductor sizing  59 
 4.6.5 Soil resistivity  60 
 4.6.6 Ground resistance  60 
 4.6.7 Maximum grid current  60 
 4.6.8 Mesh voltage  61 
x 
 
  
 
 4.6.9 Step voltage  61 
 4.7 The design evaluation module  61 
CHAPTER 5 RESULTS AND DISCUSSION  63 
 5.1 Introduction  63 
 5.2 Bir Terfas substation  63 
 5.3 Comparing HAMA with CYMGRD for Bir Terfas 
substation grid design 
 68 
 5.4 Comparing HAMA with ETAP for Port Harcourt 
grid design 
 69 
CHAPTER 6 CONCLUSION  72 
 6.1 Conclusion  72 
 6.2 Recommendation for future work  74 
 REFERENCES  75 
 APPENDIX A  78 
 APPENDIX B  79 
 APPENDIX C  80 
 APPENDIX D  81 
 APPENDIX E  82 
 APPENDIX F  83 
 APPENDIX G  84 
 APPENDIX H1  85 
 APPENDIX H2  86 
 APPENDIX I  87 
 APPENDIX J  88 
 APPENDIX K1  89 
 APPENDIX K2  90 
 APPENDIX K3  91 
 APPENDIX K4  92 
 APPENDIX K5  93 
 APPENDIX K6  94 
 APPENDIX K7  95 
 APPENDIX K8  96 
 APPENDIX K9  97 
 APPENDIX L  98 
 
xi 
 
  
 
 
 
 
 
LIST OF TABLES 
 
 
 
 
 2.1 Likely intensities of body currents when lasting for more 
than a heartbeat 
 12 
 2.2 Time/current curves showing the effects of alternating 
current on humans (zones summary) 
 13 
 5.1 Wenner four-pin test results  64 
 5.2 Data considered for Bir Terfas grid design  64 
 5.3 Tolerable and actual voltages in the track  68 
 5.4 Comparative results between CYMGRD and HAMA for Bir 
Terfas substation 
 69 
 5.5 Data considered for Port Harcourt grid design  70 
 5.6 Comparative results between ETAP and HAMA for Port 
Harcourt substation 
 71 
 
xii 
 
  
 
 
 
 
 
LIST OF FIGURES 
 
 
 
 
 2.1 Time/current curves showing the effects of alternating 
current on humans 
 13 
 2.2 Resistances of different body parts  16 
 2.3 Touch voltage current path  18 
 2.4 Touch voltage equivalent circuit  18 
 2.5 Step voltage current path  19 
 2.6 Step voltage equivalent circuit  19 
 2.7 Current reflection due to surface material layer  21 
 2.8 Derating factor as function of reflection factor and gravel 
layer thickness 
 22 
 3.1 The flowchart of the project  26 
 3.2 The block diagram of the project process  27 
 3.3 Ground electrode  29 
 3.4 Grounding grid  29 
 3.5 Ground mat  30 
 3.6 CADWELD Ground Rod Connections  34 
 3.7 Soil model  35 
 3.8 Effects of moisture, temperature, and salt upon soil 
resistivity 
 36 
 3.9 Wenner four-pin method  38 
 3.10 Potential gradients evaluation procedure  49 
 4.1 HAMA home page  53 
 4.2 Example of a learning topic page  54 
 4.3 A calculation operations page  58 
 4.4 The design evaluation page  62 
 5.1 2-D Bir Terfas designed grid  65 
 5.2 3-D Bir Terfas designed grid  66 
xiii 
 
  
 
 5.3 Distribution touch voltage across the grid  66 
 5.4 Gradient in the colors of the safety levels  67 
 5.5 Touch, step and surface voltages in a track across the grid  67 
 5.6 ETAP ground grid software output  70 
 
xiv 
 
  
 
 
 
 
 
LIST OF SYMBOLS AND ABBREVIATIONS 
 
 
 
 
2-D - Two-Dimensional 
3-D - Three-Dimensional 
A - Ampere 
A - Area Occupied By The Ground Grid 
AC - Alternating Current 
API - Application Programming Interface 
ASP - Active Server Page (Microsoft script engine) 
AWG - American Wire Gauge 
Amm2 - Conductor Cross Section 
b - Metallic Disc Radius 
BS - British Standard 
c - Prefix Means Centi 
C# - C Sharp Programming Language 
C++ - C Programming Language 
CS - Surface Layer Derating Factor 
D - Spacing Between Parallel Conductors 
d - Diameter Of Grid Conductor 
Df - Decrement Factor 
Dm - Maximum Distance Between Any Two Points On The Grid 
E - Phase-To-Neutral Voltage 
EDSA - Electrical Distribution System Analysis 
ETAP - Electrical Transient and Analysis Program 
Em - Actual Mesh Voltage 
Es - Actual Step Voltage 
Estep - Tolerable Step Voltage 
Etouch - Tolerable Touch Voltage 
ft - Feet 
xv 
 
  
 
g - Gram 
GPR - Ground Potential Rise 
h - Depth of The Grid 
HAMA - Hussein Ahmad Mohammed Aldebry 
HTML - Hypertext Markup Language 
Hz - Hertz 
hs - Thickness of The Surface Material 
I - Symmetrical RMS Conductor Current 
IEC - International Electrotechnical Commission 
IEEE - Institute of Electrical and Electronics Engineers 
in - Inch 
IS - Indian Standard 
I0 - Zero-Sequence Fault Current 
IB - Body Current 
IF - Asymmetrical Fault Current 
If - Symmetrical RMS Ground Fault Current 
IG - Maximum Grid Asymmetrical Current 
Ig - Symmetrical RMS Grid Current 
J - Joule 
K - Reflection Factor Between Different Material Resistivities 
k - Prefix Means Kilo 
kcmil - Kilo-Circular Mils 
K0 - Material Constant Reciprocal of α0 
Kf - Conductor Material Constant 
Kh - Corrective Weighting Factor Emphasizing The Grid Depth Effects 
Ki - Irregularity Factor 
Kii - Corrective Weighting Factor That Adjusts Effects Of Inner Conductors 
On The Corner Mesh 
Km - Geometrical Factor 
Ks - Geometrical Factor 
LC - Total Length of The Conductor In The Horizontal Grid 
LM - Conductor Buried Length 
LP - Peripheral Length of The Grid 
LR - Total Length of All Ground Rods 
Lr - Length of Each Ground Rod 
xvi 
 
  
 
LS - Conductor Buried Length 
LT - Total Buried Length of Conductors 
Lx - Maximum Length of The Grid In The X Direction 
Ly - Maximum Length of The Grid In The Y Direction 
M - Prefix Means Mega 
m - Prefix Means Milli 
m - Meter 
MCM - Million Cubic Metre 
MVC - Model-View-Controller 
OWL - Web Ontology Language 
R - Resistance 
R0 - Zero Sequence Equivalent System Resistance 
R1 - Positive Sequence Equivalent System Resistance 
R2 - Negative Sequence Equivalent System Resistance 
RB - Body Resistance 
Rf - Ground Resistance of One Foot 
Rg - Substation Ground Resistance 
Rm(2nhs) - Mutual Ground Resistance Between The Two Similar, Parallel Plates, 
Separated By A Distance (2nhs), In An Infinite Medium Of Resistivity 
s - Second 
SB - Empirical Constant Related To The Electric Shock Energy Tolerated 
Sf - Fault Current Division Factor 
TCAP - Thermal Capacity Per Unit Volume 
Ta - Ambient Temperature 
tc - Duration of Conductor Current 
Tm - Maximum Allowable Temperature 
Tr - Reference Temperature for Material Constants 
ts - Duration of The Current Exposure 
V - Volt 
W - Watt 
XML - Extensible Markup Language 
X0 - Zero Sequence Equivalent System Reactance 
X1 - Positive Sequence Equivalent System Reactance 
X2 - Negative Sequence Equivalent System Reactance 
X/R - Ratio of Reactance To Resistance 
xvii 
 
  
 
ZTh - Thevenin Equivalent Impedance 
α0 - Thermal Coefficient of Resistivity At 0 oC 
αr - Thermal Coefficient of Resistivity At Reference Temperature Tr 
μ - Prefix Means Micro 
π - Pi 
ρ - Soil Resistivity 
ρr - Resistivity of The Ground Conductor At Reference Temperature Tr 
ρs - Surface Material Resistivity 
Ω - Ohm 
oC - Degree Celsius 
 
xviii 
 
  
 
 
 
 
 
LIST OF APPENDICES 
 
 
 
 
APPENDIX TITLE  PAGE 
    
A Potential gradient  78 
B Conductor material constants  79 
C Conductor material Kf constant  80 
D Typical surface material resistivities  81 
E Typical grid resistances  82 
F Relationship between actual values of fault current 
and values of IF, If , and Df for fault duration tf 
 83 
G Typical values of Df  84 
H1 Faults within local substation  85 
H2 Substation fault locations  86 
I Design procedure flowchart  87 
J Sitemap of HAMA web application  88 
K1 Flowchart of tolerable body current limit calculation 
operation 
 89 
K2 Flowchart of tolerable touch voltage calculation 
operation 
 90 
K3 Flowchart of tolerable step voltage calculation 
operation 
 91 
K4 Flowchart of conductor sizing calculation operation  92 
K5 Flowchart of soil resistivity calculation operation  93 
K6 Flowchart of ground resistance calculation operation  94 
K7 Flowchart of maximum grid current calculation 
operation 
 95 
K8 Flowchart of mesh voltage calculation operation  96 
xix 
 
  
 
K9 Flowchart of step voltage calculation operation  97 
L Example of printed output for designed evaluation  98 
 
 
 
  
 
 
 
 
 
CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background 
 
 
Grounding of high voltage substations is a very important subject in electric power 
technology since it is decisive when it comes to touch and step voltages that will arise 
within a substation area during an earth fault. High voltage substation grounding has 
previously been an experienced based field of work, thus it is of interest to acquire a more 
theoretical approach to dimensioning of high voltage substation grounding. This to ensure 
that safety issues are taken care of without constructing an over dimensioned, and more 
expensive than necessary, system [2]. 
In modern high voltage indoor or outdoor substation, grounding installations 
mainly consists of a network of a metallic conductors arranged as a grid buried underneath 
the surface of the substation. This grid sometimes consists of grounding rods connected to 
the grid which are driven into the earth mass. It is important that the substation ground has 
low resistance path to ground, to obtain a discharge path for short current and lightning 
strokes and safety features for personnel and equipment [3].  
The grounding system in a substation is very important for a few reasons, all of 
which are related to either the protection of people and equipment and the optimal 
operation of the electrical system. The purpose of a grounding system at a substation can 
be explained as follow: 
i. The grounding system provides a low resistance return path for earth faults within 
the substation, which protects both personnel and equipment. 
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ii.  For earth faults with return paths to offsite generation sources, a low resistance 
grounding grid relative to remote earth prevents dangerous ground potential rises 
(touch and step potentials). 
iii. The grounding system provides a low resistance path (relative to remote earth) for 
voltage transients such as lightning and surges. 
iv. Equipotential bonding helps prevent electrostatic buildup and discharge, which can 
cause sparks with enough energy to ignite flammable atmospheres. 
v. The grounding system provides a reference potential for electronic circuits and 
helps reduce electrical noise for electronic, instrumentation and communication 
systems [4]. 
The substation grounding system is connected to every individual equipment, 
structure and installation in the substation so that it can provide the means by which 
grounding currents are conducted to remote areas. The aim of the grounding design is to 
ensure the lowest possible and most economical resistance to earth mass for the expected 
fault currents flowing to earth, and to ensure that the potential difference induced by these 
fault currents into the grounding grid is kept within the safety margins specified by a 
standard, in this case IEEE Std. 80-2000. 
 
 
1.2 Problem statement 
 
 
People often assume that any grounded object can be safely touched. A low substation 
ground resistance is not, in itself, a guarantee of safety. There is no simple relation 
between the station ground resistance and the maximum shock current a person might be 
exposed to. 
There are many calculation software available in the market at present which are 
mainly calculation tools that can design a safe grounding system; namely, ETAP, EDSA, 
CYMGRD and SKM as the most popular and most used grounding system software. 
However, and by examination these software, there is no one of them that combines the 
theoretical aspect of grounding together with the calculation method as one educational 
package. In addition, all of these applications are desktop applications that require the 
software to be installed in the computer to be used and not available online. 
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1.3 Objectives 
 
 
The goals of this project on substation grounding are as follow: 
i. To develop web application based on IEEE Std. 80-2000 that will serve as both an 
educational website for the study of substation grounding principles and 
professional training and also as a calculation tool to help with the design and 
evaluation process. 
ii. To ensure that the developed site can be easily understood as an educational 
package and be able to use by the new users who are unfamiliar with the website 
(user-friendly.) 
iii. To make the users able of study the grounding requirements and practice on 
examples of grounding systems for some real substations that are provided within 
the website. 
 
 
1.4 Scope 
 
 
The project is executed in accordance to the followings: 
i. The standard IEEE Std. 80-2000, which this thesis is based on, is concerned with 
ac substations, either conventional or gas-insulated. Therefore, grounding 
problems peculiar to dc substations are not covered in this thesis. 
ii. The web application will be developed using Microsoft Visual Studio for using 
under Windows operating systems. 
iii. The site provides a learning module which contains all the theory and principles of 
substation grounding that help engineers to understand the concept of grounding 
systems. This learning module is supported with tutorial videos about substation 
grounding topics, for the purposes of educate junior engineers in grounding 
system. 
iv. The site contains actual ac substation grounding system designs as examples for 
professional training purposes. 
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1.5 Project outline 
 
 
This suction outlines the structure of the thesis and summarizes each of the chapters. The 
first chapter of introduction explains the problem statements, goals, scope of study, and 
the structure of this master project. Next is chapter two which is the chapter of literature 
survey. This second chapter discusses about published works by accredited scholars and 
researchers that associate with this project. Grounding concept and safety aspects are 
reviewed in this chapter. Meanwhile, the research methodology is described in chapter 
three. This chapter explains clearly the grounding system designing considerations and 
evaluating techniques. Moving to the fourth chapter which shows the details on the web 
application for grounding study that covers the learning theory, calculations module and 
the design evaluation. Chapter five is comparing the results of the designed web 
application with the results of other grounding designing software for some substations. 
Finally, a conclusion for the whole project based on the finding of the results is conducted 
in chapter six as well as some recommendations for future work. 
 
 
 
  
 
 
 
 
 
CHAPTER 2 
 
 
 
 
GROUNDING CONCEPT AND SAFETY ASPECTS REVIEW 
 
 
 
 
2.1 Introduction 
 
 
The concept of grounding systems revolves mainly on the safety of people in the vicinity 
of the grounded facility. The safety criteria are based on potential gradients that can exist 
in the area during a fault and the ability of the human body as a current path shunting 
those potentials to withstand the current duration and frequency. 
 
 
2.2 Grounding standards 
 
 
The basis of this entire thesis is on the IEEE guide for safety in ac substation grounding 
IEEE Std. 80-2000. However, there are other standards that are used to design safe 
grounding system. This section highlights some of these standards. 
 
 
2.2.1 IEEE Std. 80-1986 
 
 
This standard [5] is the third edition of this guide since its first issue in 1961. Major 
modifications involve the redefinition of simplified equations for calculating touch and
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step voltages, changes in safety criteria, and expansion of examples illustrating the use of 
this guide. Other changes and additions concern a section on gas-insulated substations, 
introduction of a derating factor for crushed stone surfacing, the effects of ground rods, 
equations for calculation of grid resistance, current division among available ground paths, 
sizing of conductors of various materials, and discussion of multilayer soil models. 
 
 
2.2.2 IEEE Std. 80-2000 
 
 
IEEE Std. 80-2000 is the fourth edition of this guide since its first issue in 1961. It has 
major modifications include the further extension of the equations for calculating touch 
and step voltages to include L-shaped and T-shaped grids [1]. This guide is primarily 
concerned with outdoor ac substations, either conventional or gas-insulated. Distribution, 
transmission, and generating plant substations are included. With proper caution, the 
methods described herein are also applicable to indoor portions of such substations, or to 
substations that are wholly indoors. 
The specific purposes of this standard are to: 
i. Establish, as a basis for design, the safe limits of potential differences that can 
exist in a substation under fault conditions between points that can be contacted by 
the human body. 
ii. Review substation grounding practices with special reference to safety, and 
develop criteria for a safe design. 
iii. Provide a procedure for the design of practical grounding systems, based on these 
criteria. 
iv. Develop analytical methods as an aid in the understanding and solution of typical 
gradient problems. 
 
 
2.2.3 BS 7430 
 
 
This British Standard [6] provides recommendations and guidance on meeting the 
requirements for earthing land-based electrical installations in and around buildings. It 
does not apply to: 
i. Ships, aircraft or offshore installations. 
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ii. Earthing of medical equipment. 
iii. Special problems encountered with solid state electronic components. 
iv. Equipment sensitive to static electricity. 
v. Requirements for functional earthing. 
vi. Earthing of overhead lines between electrical installations. 
vii. The internal earthing of equipment. 
BS 7430 covers earthing system design parameters for structures, electrical 
equipment and systems. It also defines selection parameters for the earthing arrangements 
and makes clear the need for careful consideration of various site conditions such as soil 
composition and resistivity. Earthing is generally provided for reasons of safety as it 
protects people from the risk of electric shock. 
 
 
2.2.4 IEC 60050-195 
 
 
IEC 60050 series is a general-purpose multilingual vocabulary covering the field of 
electrotechnology, electronics and telecommunication. It comprises about 18500 
terminological entries, each corresponding to a concept [7]. IEC 60050-195 standard is for 
the concept of earthing and protection against electric shock as well as the concept of 
safety. 
The difference between this standard and IEEE Std. 80 is that while IEC 60050-
195 does not address all relevant computational issues, which may be necessary in the 
design process (such as feet/soil resistance, etc.), IEEE Std. 80 does address most 
computational issues and provides procedures and guidance for assessing the safety of a 
grounding system. The EC 60050-195 safety criteria are rather complex while the safety 
criteria of IEEE Std. 80 are simplified. 
In general, there are cases in which IEEE Std. 80 is more conservative than IEC 
60050-195 and vice versa. 
 
 
2.2.5 IS 3043 
 
 
This Indian Standard (First Revision) [8] is created to ensure safety of life and apparatus 
against earth faults. This code of practice is intended to serve as a consolidated guide to all 
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those who are concerned with the design, installation, inspection and maintenance of 
electrical systems and apparatus. This Code includes comprehensive guidelines on 
choosing the proper size of the various components of the earthing system, particularly 
earthing and protective conductors as well as earth electrodes. 
This Code applies only to land-based installations and it does not apply to ships, 
aircrafts or offshore installations. 
The revision of the Code aims at consolidating in one volume all the essential 
guidelines needed for preparing a good earthing design in an electrical installation. The 
revision also attempts to be more elaborate than the earlier version, especially in areas of 
specific interest keeping in view the need and wide experience gained the world over. 
 
 
2.2.6 DL/T 621-1997 
 
 
This Chinese standard [9] specifies a nominal voltage of 500 kV and below the AC power 
generation, substation, transmission and distribution of electrical equipment (including 
subsidiaries of DC electrical installations and electrical equipment referred to as Class A) 
and building electrical installations (referred to class B electrical installations) The 
grounding requirements and methods. 
 
 
2.3 Grounding system design software 
 
 
In this part, a review of some famous software for designing ac substation grounding 
system is taking a place. 
 
 
2.3.1 CYMGRD 
 
 
The CYMGRD software is a substation grounding grid design and analysis program 
specially developed to help engineers optimize the design of new grids and reinforce 
existing grids, of any shape, by virtue of easy to use, built-in danger point evaluation 
facilities. User-friendly data entry, efficient analysis algorithms and powerful graphical 
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facilities make the CYMGRD software an efficient tool that helps the engineer arrive at 
technically sound and economical designs [10]. 
The software contains a CYMGRD / AutoCAD Interface module which allows the 
user to alternate between the AutoCAD and the CYMGRD environments. 
The use of the CYMGRD software allows for the rapid analysis of various design 
alternatives to choose an economical solution for any particular installation. The program 
conforms to IEEE Std. 80-2000, IEEE Std. 81-1983 and IEEE Std. 837-2002. 
 
 
2.3.2 ETAP 
 
 
ETAP is a fully integrated AC and DC electrical power system analysis tool. Engineers 
use ETAP in thousands of companies and electric utilities worldwide in the design, 
analysis, maintenance, and operation of electrical power systems [11]. 
The Ground Grid systems module enables engineers to quickly and accurately 
design and analyze ground protection. Advanced 3-D technology integrates with one-line 
diagrams, enabling engineers to visualize their ground systems and seamlessly utilize 
short circuit results. Flexible design methodologies allow for quick auto-designed layouts 
or very detailed schemes. Color-coded graphical plots provide impressive results. 
The software conforms to IEEE Std. 80-1986, IEEE Std. 80-2000, IEEE Std. 665-
1995 and finite element method. 
 
 
2.4 Safety aspects 
 
 
In standard [1] principle, a safe grounding design has the following two objectives: 
i. To provide means to carry electric currents into the earth under normal and fault 
conditions without exceeding any operating and equipment limits or adversely 
affecting continuity of service. 
ii. To assure that a person in the vicinity of grounded facilities is not exposed to the 
danger of critical electric shock. 
Therefore, a good approach to the safety aspects of grounding is to control the 
interaction between the intentional ground consisting of a grounding grid and rods and the 
accidental ground, temporarily established by a person in the grounded facility. 
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According to the study [12], any grounding system needs to satisfy the following 
requirements: 
i. Safety: the grounding system must conduct lightning and short-circuit currents 
without introducing unsafe step-voltage and touch voltages. 
ii. Equipment protection and functionality: the grounding system must protect 
electronic devices by providing a low impedance path to discharge currents to 
earth. Proper cable routing, zoning and shielding are important aspects and serve 
the purpose of preventing sources of disturbance from interfering with the 
operation of electrical equipment. 
Unless proper precautions are taken in design, the maximum potential along the 
earth surface may be of sufficient magnitude during ground fault conditions to endanger a 
person in the area. This potential difference may also develop between structures or 
equipment frames that are also grounded and nearby earth. These conditions create 
situation for possible electric shock [1]. 
Zhang and Li [13] concluded that, “With the development of ultra-high voltage, 
large capacity and long-distance transmission, more and more attention has been paid on 
the safety, stability of the power grid. To ensure the stability and reliability of the power 
transmission, some professional security system which is adapt to the current system must 
be equipped with. Grounding grid is necessary to improve the safety of substation. 
Grounding conductor is laying into grid has been considered the most effective grounding 
system, which is widely used in the substation to discharge”. 
Dangerous circumstances that can cause dangerous electric shocks include high 
fault currents to ground, presence and position of a person, absence of sufficient contact 
resistance to limit current through the body and most importantly the duration of the flow 
of current. Although accidents due to ground potentials are very rare, it is still the 
responsibility of the engineer to look into this possibility because it has caused deaths 
before [1]. 
 
 
2.5 Electric shock and tolerable current range 
 
 
According to Agrawal [14], an electric current, rather than voltage, through a human body 
may cause electric shock and can damage vital organs of the body. It may cause muscular 
contraction, unconsciousness, fibrillation of the heart, respiratory nerve blockage and 
burning. These are all functions of body weight. The muscular contraction makes it 
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difficult to release an energized object if held by the hand and can also make the breathing 
difficult. The heart, being the most vulnerable organ of a human body, is damaged most, 
mainly by ventricular fibrillation, which may result in an immediate arrest of the blood 
circulation. The current value at the threshold of heart fibrillation is usually used as the 
maximum allowable limit for the human body. 
Effects of electric current passing through the body depends on the frequency, 
magnitude and duration of the current [1]. 
 
 
2.5.1 Effects of current frequency 
 
 
Based on the studies in [1], [14] and [15], they concur that the human body is very 
vulnerable to the effects of current at the frequencies of 50 or 60 Hz whereby currents of 
approximately 0.1 A in this frequency can be lethal. Authorities agree that the human 
body can tolerate a slightly higher 25Hz current and approximately five times higher dc 
current. At frequencies 3000 to 10000 Hz, even higher currents can be tolerated. In some 
cases, the human body can sustain a much higher current at a lightning or switching 
frequency (5 kHz or above) due to the extremely short duration of such surges (30 μs or 
less). 
 
 
2.5.2 Effects of current magnitude 
 
 
According to IEEE Std. 80-2000 [1], a person is able to detect a slight tingling sensation 
in his hands or fingertips caused by the passing current of 1 mA. This value is generally 
recognized as the threshold of perception, that is, the current the person is able to detect. 
Currents of 1 to 6 mA often termed as let-go currents, though unpleasant to 
sustain, generally do not impair the ability of a person holding an energized object to 
control his muscles and release it. 
In a 9 to 25 mA range, currents may be painful and can make it hard or impossible 
to release energized objects grasped by the hand. For still higher currents, muscular 
contractions could make breathing difficult. Unlike the cases of respiratory inhibition 
mentioned next, these effects are not permanent and will disappear when the current is 
interrupted, unless the contraction is very severe and breathing has stopped. 
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It is not until currents in the magnitude range of 60 to 100 mA are reached that 
ventricular fibrillation, stoppage of the heart, or inhibition of respiration might occur and 
cause serious injury or death. In these cases, the person should be given first aid until the 
victim can be treated at a medical facility. 
Table 2.1 provides likely intensities of body currents when lasting for more than a 
heartbeat (nearly 60 – 300 ms) based on [14] and [16]. 
 
Table 2.1: Likely intensities of body currents when lasting for more than a heartbeat [14] 
Body current 
(mA) 
Frequency 
(Hz) 
Intensity 
100 50 – 60 Lethal 
100 3 – 10 kHz Tolerable (because of extremely short duration) 
60 – 100 50 – 60 Fatal 
16 – 60 50 – 60 
Breathing may become difficult due to muscular 
contraction 
10 – 16 50 – 60 
It is the let-go current and makes it hard to release an 
energized object if held by hand 
5 – 9 50 – 60 No dangerous effects 
1 – 4 50 – 60 Threshold of sensation 
 
 
2.5.3 Effects of current exposure duration 
 
 
The curves in Figure 2.1, taken from IEC 60479-1 [17], give the various limits of the 
effects of 15 Hz to 100 Hz alternating current on humans and define 4 main risk zones. 
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Figure 2.1: Time/current curves showing the effects of alternating current on humans [17] 
 
Table 2.2 explains the zones shown in the previous figure. 
 
Table 2.2: Time/current curves showing the effects of alternating current on humans 
(zones summary) [17] 
Zones Boundaries Physiological effects 
AC-1 
Up to 0.5 mA 
curve a 
Perception possible but usually no ‘startled’ reaction 
AC-2 
0.5 mA up to 
curve b 
Perception and involuntary muscular contractions likely but usually no 
harmful electrical physiological effects 
AC-3 
Curve b and 
above 
Strong involuntary muscular contractions. Difficulty in breathing. Reversible 
disturbances of heart function. Immobilization may occur. Effects increasing 
with current magnitude. Usually no organic damage to be expected 
AC-4 
Above curve 
c1 
Patho-physiological effects may occur such as cardiac arrest, breathing arrest, 
and burns or other cellular damage. Probability of ventricular fibrillation 
increasing with current magnitude and time 
c1-c2 AC-4.1 Probability of ventricular fibrillation increasing up to about 5 % 
c2-c3 AC-4.2 Probability of ventricular fibrillation up to about 50 % 
Beyond curve 
c3 
AC-4.3 Probability of ventricular fibrillation above 50 % 
 
The standard [1] argues that the duration of exposure is a very significant factor 
whereby tests and experiments show that the chance of severe injury or death is greatly 
reduced if the duration of current flow through the body is very brief. The non-fibrillating 
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current of magnitude IB at a duration ranging from 0.03 to 3.0 seconds is related to the 
energy absorbed by the body as described by the following equation: 
 
SB =  (IB)
2 tS                                                                                                                          (2.1) 
 
where 
SB : empirical constant related to the electric shock energy tolerated by a certain 
percent of a given population in watt-seconds (Ws) 
IB : rms magnitude of the current through the body in Amperes (A) 
tS : duration of the current exposure in seconds (s) 
 
Based on the above equation, duration is seen as a very critical safety factor during 
a fault thus making high-speed fault clearing an important aspect to be considered. Fast 
fault clearing can therefore reduce the probability of electric shock hazards and this 
duration can be based on the clearing time of the primary protective relays or back-up 
protection. 
 
 
2.6 Current limits for the human body 
 
 
American national standard [18] defines the current limit for the human body as the 
maximum value of current which does not cause ventricular fibrillation of the heart. 
Current values below this threshold limit is deemed safe because although painful or 
unpleasant, it cannot cause severe injury or death. 
In another study [19], the recommendations for current limits are based upon the 
information contained in the technical literature on the subject. In some cases, the 
investigation of the effects of a particular parameter of the current upon the body was 
carried out by only one group of investigators. In order to obtain better confidence in the 
results, other investigators should conduct similar experiments covering the same 
parameters.  
In the investigation of safe levels of current that will not cause ventricular 
fibrillation, there is always the problem of using animal data in order to judge the safe 
current levels for human beings. Further investigation should be conducted on the effect of 
age Within an animal species on the threshold of ventricular fibrillation. The effect of 
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body weight within a species and the effect of the health of the animal should also be 
investigated. 
Meanwhile, institute of electrical and electronics engineers standard [1] proved 
that for a 50 to 60 Hz current, it is found that 99.5% of all persons can safely withstand, 
without ventricular fibrillation, the passage of a current with magnitude and duration 
determined by the following formula: 
 
IB =  
k
√tS
                                                                                                                                  (2.2) 
 
where 
k =  √SB  
 
The energy coefficient, SB, for a body weight of 50 kg is regarded safe at 0.0135 
Ws and for 70 kg body at 0.0247 Ws. Therefore, there are two values for the constant k at 
k50 = 0.116 and k70 = 0.157. As a result, the allowable body current limits based on the 
two body weight groups can be calculated using the following equations [20]: 
 
IB(50 kg) =  
0.116
√tS
                                                                                                               (2.3) 
IB(70 kg) =  
0.157
√tS
                                                                                                               (2.4) 
 
When using these equations, the user may select the appropriate equation based on 
the average population weight. However, since these equations are based on tests limited 
to a range of between 0.03 to 3.0 seconds, it is obviously that these equations are not valid 
for very short or long durations [1]. 
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2.7 Accidental connection to ground through the human body 
 
 
2.7.1 Human body resistance 
 
 
The resistance of human skin varies from person to person and fluctuates between 
different times of day. The NIOSH [21] states “Under dry conditions, the resistance 
offered by the human body may be as high as 100 k-Ω. Wet or broken skin may drop the 
body's resistance to 1 k-Ω,” adding that “high-voltage electrical energy quickly breaks 
down human skin, reducing the human body's resistance to 500 Ω.” 
According to another study [14], the proportion of the leakage current through a 
human body will depend upon the resistance of the body compared to the resistance 
through the ground. To determine the likely body current, it is therefore essential to 
determine the average body resistance. 
a = resistance hand to hand = 2300 Ω 
b = resistance hand to feet = 1130 Ω 
c = resistance between the two feet = 1000 Ω 
 
 
Figure 2.2: Resistances of different body parts [14] 
 
For the purposes of calculations, IEEE Std. 80-2000 [1] uses the following 
assumptions: 
i. Hand and foot contact resistances are equal to zero. 
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ii. Glove and shoe resistances are equal to zero. 
iii. Body resistance, RB = 1000 Ω, which represents resistance of a human body from 
hand-to feet and also from hand-to-hand, or from one foot to the other foot. 
 
 
2.7.2 The accidental circuit 
 
 
Accidental ground is caused by the human body completing a circuit between two 
different potentials that exist in the substation area. The effects of the body bridging this 
potential depends on the current path. The current passing through this circuit, If, should 
be less than the tolerable body current limit, IB, to ensure safety of the person. There are 
two kinds of accidental ground circuits that can exist which are the touch voltage circuit 
and the step voltage circuit. 
Total resistance of the accidental circuit consists of the body resistance and the 
footing resistance. Footing resistance is the resistance of the ground just beneath the feet. 
The human foot is usually represented as a conducting metallic disc and the contact 
resistance of shoes, socks, etc., is neglected [1]. 
 
Rf =
ρ
4b
                                                                                                                                    (2.5) 
 
where 
Rf : ground resistance of one foot in ohms (Ω) 
ρ : soil resistivity in ohm-meters (Ω.m) 
b : metallic disc radius in meters (m) = 0.08 m 
 
 
2.7.2.1 Touch voltage accidental circuit 
 
 
Wiater [22] defines the touch potential as the potential difference between a person’s 
outstretched hand, touching an earthed structure, and his foot. A person’s maximum reach 
is normally assumed to be 1 meter. 
He, Zeng & Zhang [20] give a similar definition to the touch voltage circuit as it 
occurs during hand to feet contact where the current path is from the hand to the feet 
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passing through the vital organs of the body. That is why the touch voltage current path is 
said to be more dangerous than the step voltage current path.  
 
 
Figure 2.3: Touch voltage current path [23] 
 
For IEEE standard [1], touch voltage is defined as the potential difference between 
the ground potential rise (GPR) and the surface potential at a point where the person is 
standing on the conducting ground with one hand in contact with a conducting grounded 
surface. The equivalent circuit of the touch voltage circuit is as follows:  
 
 
Figure 2.4: Touch voltage equivalent circuit 
 
With the two feet in parallel with each other, The Thevenin equivalent impedance, 
ZTh, will be: 
 
ZTh =
Rf
2
 
or  ZTh = 1.5 ρ                                                                                                                               (2.6) 
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2.7.2.2 Step voltage accidental circuit 
 
 
Wiater [22] defines the step potential as the potential difference between a person’s 
outstretched feet, normally 1 meter apart, without the person touching any earthed 
structure. 
Agrawal [14] say that the step voltage circuit occurs during foot-to-foot contact 
where the current path is from one foot to the other passing through the lower part of the 
body. 
 
 
Figure 2.5: Step voltage current path [23] 
 
For IEEE standard [1], step voltage is defined as the difference in the surface 
potential to which a human body may be subject when bridging a distance of 1 meter on 
the conducting ground through the feet without being in contact with any other conducting 
grounded surface. The equivalent circuit for step voltage is as shown as follows: 
 
 
Figure 2.6: Step voltage equivalent circuit 
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 With the two feet in series with each other, The Thevenin equivalent impedance, ZTh, 
will be: 
 
ZTh = 2Rf 
or  ZTh = 6ρ                                                                                                                                   (2.7) 
 
 
2.7.3 Thin layer of surface material effect and the derating factor 
 
 
A study by E&S Grounding Solutions [24] shows that the most effective way to reduce the 
risk of electrocution over the ground grid is by maintaining a 6-inch layer of clean, 
crushed rock (similar to gravel) in and around hazardous areas. Crushed rock surfaces 
should also extend 6-ft outside the facility fence line to minimize the drift of seeds from 
outside, and to maintain public safety by reducing electrical exposure. Additionally, 
crushed rock retards the evaporation of moisture from the underlying soil, thus lowering 
the resistivity of the soil and improving its ability to conduct the fault or lightning current 
into the ground and away from the surface. Other functions and advantages of crushed 
rock are: 
i. It allows rapid surface drainage. 
ii. It is non-flammable and helps to prevent fires in areas around oil-filled equipment. 
iii. It provides a suitable surface for the movement of equipment and vehicles. 
iv. It helps control dust. 
v. It greatly impedes the establishment of weeds. 
In another study [2], crushed rock surface layer on the surface of the substation 
should have a higher resistivity than the underlying soil layer in order to function as an 
insulating barrier. Typical values for the top layer are 2000 – 3000 Ω.m, which is 
equivalent to gravel, and with 10 cm thickness.  
IEEE Std. 80 [1] indicate that, a layer (0.08-0.15 m) of high resistivity material, 
such as gravel, is often spread on the earth’s surface above the ground grid to increase the 
contact resistance between the soil and the feet of persons in the substation. This layer is 
often of high resistivity (around 5000 Ω.m) and with the soil underneath having a lower 
resistivity, only some current will go upward into the thin layer of the surface material 
because of current reflection as shown in the following figure: 
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Figure 2.7: Current reflection due to surface material layer [11] 
 
Due to this and also because of the greater contact resistance between the feet and 
the earth, the current through the body will be considerably lowered. However, with the 
presence of this thin layer of surface material, this layer resistivity cannot be used as the 
surface resistivity. With the presence of lower resistivity soil just beneath this layer, the 
resistivity of the surface layer can be said to have decreased by a certain derating factor, 
CS. The value of this derating factor depends on the reflection factor, K which is 
calculated at the boundary between the two layers. 
 
K =  
ρ −  ρs
ρ +  ρs
                                                                                                                            (2.8) 
 
where 
K : reflection factor between different material resistivities 
ρs : surface material resistivity in ohm-meters (Ω.m) 
ρ : resistivity of the earth beneath the surface material in ohm-meters (Ω.m) 
 
From this factor, there are two methods of obtaining the derating factor, CS. One 
being the graphical method where the value of CS is obtained from a graph based on the 
thickness of the layer (gravel) and corresponding K value. Figure 2.7 shows this graph. 
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Figure 2.8: Derating factor as function of reflection factor and gravel layer thickness [14] 
 
The other method would by calculation using the following: 
 
CS = 1 +  
16b
ρS
 ∑ Kn Rm(2nhS)
∞
n=1
                                                                                         (2.9) 
 
where 
CS : surface layer derating factor 
b : metallic disc radius in meters (m) = 0.08 m 
ρs : surface material resistivity in ohm-meters (Ω.m) 
K : reflection factor between different material resistivities 
Rm(2nhs) : mutual ground resistance between the two similar, parallel, coaxial plates, 
separated by a distance (2nhs), in an infinite medium of resistivity, ρs, in 
ohm-meters (Ω.m) 
 
To avoid the infinite summation, there is also a simplified alternate formula based 
on the graph in Figure 2.7 as follow: 
 
CS =  1 −  
0.09 (1 −  
ρ
ρs
 )
2hs  +  0.09
                                                                                               (2.10) 
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where 
hs : thickness of the surface material in meters (m) 
 
As a result of the derating factor due to the thin layer of surface material, the 
equations (2.5), (2.6) and (2.7) can be alternatively expressed as follows: 
 
Rf = [ 
ρ
4b
 ] Cs                                                                                                                        (2.11) 
 
For touch voltage accidental circuit: 
 
ZTh = 1.5 Cs ρs                                                                                                                     (2.12) 
 
For step voltage accidental circuit: 
 
ZTh = 6 CS ρs                                                                                                                        (2.13) 
 
It should be noted that Cs = 1 when the resistivity of the surface material layer is 
the same as the soil resistivity or when there is no surface material layer present. 
 
 
2.8 Tolerable voltage criteria 
 
 
During a fault, fault currents will be dissipated to the earth through the grounding system 
grid. High current entering the grid will cause ground potential in the substation area to 
rise. This ground potential rise (GPR) can be defined as the maximum voltage that a 
station grounding grid may attain relative to a distant grounding point assumed to be at the 
potential of remote earth [1]. 
As a result of this potential gradient, other potentials exist in the substation area, 
namely touch voltage, step voltage, mesh voltage and transferred voltages. Mesh voltage 
is the maximum touch voltage to be found within a mesh of a ground grid while 
transferred voltage is a special case of the touch voltage where a voltage is transferred into 
or out of the substation. Illustrations depicting these potentials can be seen in APPENDIX 
A. 
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The safety of a person in the vicinity of the substation facility depends on 
preventing the critical amount of shock energy from being absorbed before the fault is 
cleared and the system de-energized. The maximum driving voltage of any accidental 
circuit should not exceed the limits defined as follows. 
For touch voltage the limit is: 
 
Etouch = (RB +  
Rf
2
 ) IB                                                                                                     (2.14) 
 
For the body weight of 50 kg and 70 kg, the equation (2.14) will be: 
 
Etouch(50 kg) = (1000 + 1.5 Cs ρs) 
0.116
√tS
                                                                (2.15) 
 
Etouch(70 kg) = (1000 +  1.5 Cs ρs)
0.157
√tS
                                                                 (2.16) 
 
 Similarly, the step voltage limit is: 
 
Estep = (RB + 2Rf) IB                                                                                                        (2.17)  
 
For the body weight of 50 kg and 70 kg, the equation (2.17) will be: 
 
Estep(50 kg) = (1000 + 6 Cs ρs) 
0.116
√tS
                                                                      (2.18) 
 
Estep(70 kg) = (1000 +  6 Cs ρs) 
0.157
√tS
                                                                     (2.19) 
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